precursor and active LL-37 and neutrophils were significantly higher in endotoxin-exposed segments after 12 and 24 h, and the concentrations of LL-37 and neutrophils correlated positively. The concentrations of calprotectin were not markedly affected by exposure to endotoxin. Conclusions: Local endotoxin exposure elicits the release and activation of LL-37 but not calprotectin in healthy human peripheral airways, suggesting an inducible involvement of LL-37 in the local innate immune response.
Human cathelicidin LL-37 is stored in and released from specific granulae of the polymorphonuclear neutrophil leukocytes (neutrophils) and from airway epithelial cells in the form of the precursor protein hCAP-18 [2] . Once hCAP-18 is released into the extracellular compartment, it is cleaved by a serine protease to the active LL-37 [3] . It has been detected in induced sputum and lung tissue from patients with chronic obstructive pulmonary disease [4, 5] and also in induced sputum from patients with cystic fibrosis [5] . This AMP is inducible and kills bacteria by destroying their lipid layers in a manner shared with other AMPs. Under certain conditions [6] , LL-37 may also exert a chemotactic effect on neutrophils, macrophages, and T lymphocytes [7, 8] as well as an apoptosis-inducing effect on bronchial epithelial cells. Thus, LL-37 seems to have a dual role: both performing rapid microbial killing and modulating the innate immune response [9] .
Calprotectin is a bacteriostatic AMP that is clinically used as a biomarker in inflammatory bowel disease. This AMP has been detected in the sputa, bronchoalveolar lavage fluid (BALf), and blood of patients with chronic obstructive pulmonary disease [10] [11] [12] as well as in induced sputum from patients with exacerbations of cystic fibrosis [10] . Calprotectin has also been detected in induced sputum after the inhalation of endotoxin [13] .
While LL-37 and calprotectin have been detected in the airways of patients with chronic inflammatory lung diseases, their respective release patterns in healthy human airways is not known. Whether calprotectin and LL-37 can be induced by inflammatory stimuli of bacterial origin in the peripheral airways of healthy humans in vivo has not previously been studied. To address these questions, we here quantified calprotectin and LL-37 at the protein level in the peripheral airways of healthy human volunteers with and without prior exposure to the TLR-4 agonist endotoxin.
Materials and Methods

Study Design
This study was performed at the Clinical Section of the Department of Respiratory Medicine, Sahlgrenska University Hospital, Göteborg, Sweden, and was approved by the local Ethics Committee (Dnr 618-02, 065-04, 683-07). Healthy volunteers were recruited after local advertising and gave their informed consent. The clinical part of the study was performed from 11 November 2003 to 3 December 2008, and it constituted a part of a larger project on innate immune response in healthy human airways after endobronchial endotoxin exposure, from which other results have already been presented [14] [15] [16] .
At the first visit, the medical history of the volunteers was recorded and physical examination, spirometry, and electrocardiogram were performed. A written informed consent was obtained from each participant. Current or past smoking, a history of allergy or atopy, and any regular medication (with the exception of oral contraceptives) constituted the exclusion criteria. All included participants had a normal ventilatory lung function defined as forced expiratory volume during 1 s (FEV 1 ) >80% of predicted value, a normal electrocardiogram, and a normal physical status. Bronchoscopies were performed at the second and third visits, separated by an interval of 12 or 24 h. During the second visit, i.e., at the first bronchoscopy, endotoxin and saline exposure took place, and during the third visit, BAL was performed.
Bronchoscopy, Endotoxin Exposure, and BAL All bronchoscopies were performed transorally by 1 experienced bronchoscopist, who is a Board-Certified Clinical Specialist in Respiratory Medicine (M.E.S.), with the volunteer in supine position. A slightly modified version of a previously published endotoxin exposure protocol was used [17] . Ketobemidonhydrochloride (2.5-7.5 mg depending on clinical conditions) was given as a premedication, followed by nebulized local anesthesia sprayed into the oropharynx (xylocaine 10 mg/dose, 3 × 2 doses). Further local anesthesia was given as needed through the bronchoscope (xylocaine 20 mg/mL, up to 14 mL). Endobronchial photographs were taken bilaterally to enable BALf sampling at the second bronchoscopy from exactly the same bronchial segments that had been exposed to endotoxin or vehicle.
During the first bronchoscopy, a balloon-tipped catheter was inserted through the bronchoscope, placed in a bronchial segment (either the lingula or right middle lobe) and inflated with air to seal off the chosen segment proximally before challenge. Vehicle, i.e., 10 mL of 0.9% phosphate-buffered saline (PBS), was instilled in the bronchial segment, followed by 10 mL of air. The bronchoscope was subsequently retracted and transferred to the corresponding segment in the contralateral lung, where the sealing-off procedure was followed by instillation of the TLR-4 agonist endotoxin (4 ng/ kg reference-standard lipopolysaccharide [LPS] from Escherichia coli 0113:H10, USP, Rockville, MD, USA) diluted with PBS up to 10 mL of fluid, followed by 10 mL of air. The bronchoscope was then retracted and, with the volunteer in place, the head end of the operating table was elevated to 30° for 1 h to minimize coughing and the spread of the instilled fluid from the challenged segments.
During the second bronchoscopy, which was performed either 12 or 24 h after the first, vehicle-and endotoxin-exposed bronchial segments were reidentified, the bronchoscope was wedged in each of these segments, and bilateral BAL was performed (3 × 50 mL of PBS at 37 ° C), starting with the vehicle-exposed segment. Fluid was aspirated after each 50-mL aliquot, and the entire harvested yield was pooled in a siliconized glass container. The BALf samples were immediately transported on ice to the research laboratory.
Handling of BALf Samples
The volume recovered was measured and the BALf sample was filtered for the removal of mucus and cell debris. The filtered sample was centrifuged (at 300 g for 10 min at 4 ° C) and the cell-free BALf (i.e., the centrifugation supernatant) was separated and frozen at -80 ° C until further analysis. The cell pellet from the centrifugation was resuspended in PBS, and the cell viability was de-LL-37 in BALf after LPS Exposure J Innate Immun 2017;9:475-482 DOI: 10.1159/000475525 477 termined using trypan blue exclusion. Total cell count was determined utilizing a hemocytometer (Bürker counting chamber). The differential counts for BALf cells were performed utilizing stained cytospin preparations after counting 300 cells twice, using a conventional light microscope (Axioplan 2, Carl Zeiss ® , Jena GmbH, Eching, Germany).
Quantification of Extracellular LL-37 and Calprotectin Protein
Total concentrations of LL-37 and calprotectin in the BALf were determined using a commercial enzyme-linked immunosorbent assay (ELISA; LL-37 with HK321 and calprotectin with HK325; Hycult Biotech, PB Uden, The Netherlands). The complete heterodimers of calprotectin (with both subunits), the precursor protein hCAP-18, and LL-37 itself were detected by the respective utilized ELISAs. Samples below the standard curve were given half the lowest standard curve value in both analyses.
Analysis of the Pro-Form and Active Forms of LL-37 Protein
The BALf (4 mL) was cleared from debris by centrifugation (3,000 rpm for 10 min). To enrich for peptides and proteins, the supernatant was applied to reversed-phase OASIS-columns (1 mL; Waters Corp., Milford, MA, USA). The columns were washed with 0.1% trifluoroacetic acid (TFA) in water, and eluation was done with 1 mL acetonitrile (80% in 0.1% TFA). The eluates were lyophilized overnight and the pellets were dissolved in 20 μL 0.1% TFA. The protein content was measured with a NanoDrop system (Thermo Fisher Scientific, Waltham, MA, USA). For Western blot analysis, 20 μg of peptide extract was applied to each lane on gradient NuPAGE-gels (4-12%), using 2-( N -morpholino) ethanesulfonic acid (MES) buffer. The pro-form and the active form of LL-37 were detected with monoclonal anti-LL-37 [18] . An anti-human IgG-antibody (rabbit) coupled to horseradish peroxidase was used as a secondary reagent. The signal was developed by the ECL 
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prime system (Amersham, GE Healthcare UK Ltd., Little Chalfont, UK). For densitometry, all films were scanned and analyzed in ImageJ. Data were normalized to the internal control for each gel (2 ng LL-27, positive control). Nondetectable levels were arbitrarily defined as 0.01. The Western blot images were finalized in Photoshop (Adobe Systems Inc., San José, CA, USA).
Statistical Considerations
The SPSS 19.0 (SPSS Inc., Chicago, IL, USA) software package was used for the statistical analyses, except for the expression of LL-37 in BALf, for which GraphPad Prism v6.0 (GraphPad Software Inc., La Jolla, CA, USA) was used. Differences between endotoxin-and vehicle-exposed segments of the lungs of the same volunteer were analyzed using the nonparametric Wilcoxon signedrank test. For differences between time points in samples from different volunteers, comparisons were made by calculating the difference between the results from the endotoxin-and vehicleexposed segment of each volunteer, at each time point, followed by a comparison of these differences between 12 and 24 h, using the Mann-Whitney U test. Data are presented as median and individual values with range. For correlations between individual data in different groups, the Spearman two-tailed rank correlation test was applied. p < 0.05 was accepted as statistically significant.
Results
Study Population
Nineteen healthy nonsmoking volunteers (20-27 years of age, 9 males and 10 female) were included and completed the study protocol. They were allocated into 2 groups; this was decided on a practical basis determined by hospital logistics, which resulted in 7 subjects for the second bronchoscopy at 12 h, and 12 subjects at 24 h.
Influx of Leukocytes
While the recovery of BALf volume from the endotoxin-exposed bronchial segments was comparable to that from the vehicle-exposed segments (100 [89-113] vs. 102 [91-115] mL), the cell viability was significantly higher in BALf samples from the endotoxin-exposed segments (96 [91-99] vs. 87 [77-93]%), in line with previous studies [19] . There were no clear gender differences in either recovery or cell viability.
The total cell concentration was considerably higher in BALf samples from the endotoxin-exposed segments than from the vehicle-exposed ones at both 12 4 cells/mL; p < 0.01), giving, on average, a 19-fold-higher concentration on the endotoxin-exposed side at 12 h. At the same time point, the concentration of neutrophils was (on average) 66-fold, that of alveolar macrophages 7-fold, and that of lymphocytes 9-fold-higher on the endotoxin-exposed side. This effect of endotoxin largely remained at 24 h after exposure ( Fig. 1 ) . 
Quantification of Extracellular LL-37 and Calprotectin Protein
Calprotectin protein was detected in all samples from both vehicle-and endotoxin-exposed segments at both time points. As for LL-37, detectable concentrations were found in 4/19 samples from the vehicle-exposed segments and in 16/19 samples from the endotoxin-exposed segments at both time points.
As judged from the ELISA measurements, the median concentration of LL-37 protein was higher in the BALf from the endotoxin-exposed bronchial segments than in the vehicle-exposed ones at both time points ( Fig. 2 ) There was a positive correlation (Rho = 0.66; p = 0.002) between the total concentrations of LL-37 protein and neutrophils in the endotoxin-exposed lung segments ( Fig. 3 ) , but not between LL-37 and alveolar macrophages or lymphocytes.
Analysis of the Pro-Form and Active Form of LL-37 Protein
The precursor of LL-37 was detected in all except 1 sample from both vehicle-and endotoxin-exposed segments at both time points. The active form of LL-37 was detected in 2/18 samples from the vehicle-exposed segments and in 12/18 samples from the endotoxin-exposed segments at both time points.
As judged from the Western blot analysis, the median concentration of the precursor of LL-37 was higher in the BALf from the endotoxin-exposed bronchial segments than in the vehicle-exposed ones, at both time points, while the concentration of the active form of LL-37 was significantly higher in BALf from the endotoxin-exposed segments at 24 h only ( Fig. 4 , 5 ). There were no clear differences between time points in either the pro-form or the active form of LL-37.
Discussion
We found that LL-37 was detectable in endotoxin-exposed bronchial segments already 12 h after exposure but that it was seldom detectable in the unexposed segments. This response started to recede already 24 h after exposure. In contrast, we found no corresponding endotoxininduced effect on calprotectin at either time point. Our study therefore suggests that there is a rapid and inducible release of LL-37 but not calprotectin in response to a bacterial stimulus in the peripheral airways of healthy humans. This study provides new evidence for the inducible involvement of LL-37 but not calprotectin in the innate immune response to the TLR4-agonist endotoxin in the peripheral airways of healthy humans. First, we verified that a single intrabronchial exposure to endotoxin in this compartment leads to a prompt innate immune response, represented by a massive accumulation of leukocytes, especially neutrophils, within 12 h after the exposure and in parallel to the local increase of LL-37 protein. Second, and more importantly, we found that the innate immune response to the TLR4-agonist endotoxin derived from E. coli is associated with either measurable or higher concentrations of LL-37 protein, indicating release from its cellular source(s), with the concentrations at 12 and 24 h after exposure paralleling those of key cellular players in the innate immune response, i.e., neutrophils. Third, we found evidence of activation of the secreted precursor molecule of LL-37, with enhanced concentrations of active LL-37 in the endotoxin-exposed bronchial segment at 24 h, and the same tendency, though not significant, at 12 h. Fourth, we found a clear positive correlation between the concentrations of LL-37 and neutrophils in BALf samples from the endotoxin-exposed segments at both time points, in support of previous reports on neutrophils as an important source of LL-37 [3] . Taken together, our evidence clearly indicates the inducible involvement of LL-37 in the innate immune response of the peripheral human airways.
To become active, LL-37 must be cleaved by a serine protease from its inactive precursor hCAP-18 molecule, and this normally takes place in the extracellular compartment [3] . Interestingly, the median concentration of active LL-37 was higher 24 h after exposure than at 12 h. In a previous study, we showed that the net serine protease activity after endotoxin exposure is higher 24 h after exposure than at 48 h [14] . Here, we demonstrated markedly higher levels of the active form of LL-37 24 h after endotoxin exposure in the same human model. Thus, the sum of these findings suggest that Gram-negative bacterial stimulation causes the release of LL-37 and its potential activation factor serine protease from neutrophils, although the functional interaction between the 2 remains to be verified in molecular studies.
Notably, the AMP LL-37 has been shown to act together with human-β-defensin-2 (hBD-2) [20] , an AMP whose presence we have previously demonstrated in healthy airways 12 and 24 h after endotoxin exposure, in the very same human model that we utilized in this study [15] . We find it interesting that these 2 AMPs have previously been shown to exert synergistic effects in the killing of Staphylo- Fig. 4 ), using ImageJ software. Nondetectable levels were arbitrarily defined as "0.01" in the graph. Significant differences between lungs (paired analysis) at each time point are indicated. * p < 0.05; * * p < 0.01; ns, nonsignificant ( p = 0.094).
coccus aureus, a Gram-positive bacterium of relevance for human pneumonia [21, 22] . Each of the mentioned proteins possesses the individual capacity to kill Gram-negative bacteria [23, 24] and their potential synergy is a motivation for conducting further studies on human airways.
In our human airway model, calprotectin was detectable in all samples of BALf, but at levels independent of the exposure to endotoxin. Calprotectin thus appears to be constitutively expressed in the peripheral airways of healthy humans but was not inducible by endotoxin in our model. Different dynamics of synthesis and release, compared to LL-37, might explain our findings. The intragranular location of LL-37 as opposed to the cytoplasmic location of calprotectin leads to different patterns of release, in which LL-37 is more easily mobilized than calprotectin. This does not, however, exclude the possibility that the release of calprotectin can be elicited by bacterial components including endotoxin. Calprotectin has previously been detected in induced sputum after the inhalation of endotoxin, but the levels showed considerable interindividual variability and differed between time points, thereby preventing a straightforward analysis of the causative effect of endotoxin exposure [10, 13] . Moreover, the discrepancy with the results of this study may also relate to the sampling technique. The sampling of BALf and induced sputum is likely to reflect different compartments of the airways. The referred discrepancy may also relate to the dose of endotoxin, and a more widespread exposure of the airways with the inhalation procedure compared with intrabronchial instillation. In a report by Kido et al. [25] , endotoxin exposure of neutrophils from human blood that were cultured in vitro resulted in a calprotectin release that peaked as rapidly as within 30 min, with calprotectin concentrations returning to baseline within 2-6 h. Such a scenario would go unnoticed in our model.
To conclude, we forward new evidence of the inducible involvement of LL-37 protein, clearly different from that of calprotectin, being associated with the innate immune response to a stimulus from Gram-negative bacteria in the peripheral airways of healthy humans. Our results are compatible with neutrophils constituting an important source of LL-37 in the investigated compartment, the peripheral airways. Although calprotectin is constitutively present, its release does not seem to be induced by a TLR-4 agonist, at least not during the time frame we examined.
